It can hardly be argued that cardiac imaging methodologies targeting small-animal models have been crucial for rapidly transitioning therapies from bench to bedside. The adaptation of ultrasound for imaging murine hearts, for example, has allowed characterization of the developing and adult rodent heart, making it an essential tool for the study of developmental biology and cardiovascular disease. Nevertheless, additional imaging tools may prove useful adjuncts and/or alternatives to such established traditional modalities.
Ideally, a cardiovascular imaging modality should provide structural-functional quantitation and be noninvasive, fast, cost effective, precise, and accurate. Although the combination of echocardiography and small-animal cardiac magnetic resonance has been proven to meet several of these criteria, there is certainly room for other modalities to be used as well. At our institution, experimentation with a micro-computed tomography (CT) scanner eventually produced contrast-enhanced, high-resolution 3-dimensional imaging of the murine heart and associated structures. Indeed, early success with CT imaging of murine hearts has also been described in limited detail by other investigators (1,2), but, to our knowledge, a validation of this technique by direct comparison with multiple established methodologies has not been described. Hence, we present the first study aimed to directly compare this novel imaging modality with both conventional echocardiography and conductance catheter (CC) measurement techniques using an established murine model of ischemic heart disease. Specifically, we have tested the hypothesis that micro-CT can provide reliable information about ventricular structure and function after surgical left anterior descending artery (LAD) ligation-induced myocardial infarction (MI) in mice.
We randomized adult (8 to 10 weeks old) female FVB mice (n ϭ 19) to surgical LAD ligation or sham procedure. Dual cardiac and respiratory-gated, intravenous contrast-enhanced (20 l/g Fenestra VC, ART Inc., Montreal, Canada) CT scans were performed pre-operatively and at 4, 8, and 12 weeks post-procedure using the eXplore Locus RS150 MicroCT (GE Healthcare, Fairfield, Connecticut). Scans were performed with a 70-kVp, 40-mAmp X-ray source, acquiring 286 views over 200°, averaging 2 frames per view, 4 ϫ 4 binning on the charge-coupled device detector. The heart was centered in a 46.25-mm axial field of view (84.7 mm transaxial field of view), and subregions of the scanned data were reconstructed at an isotropic resolution of 97.3 m. Enddiastolic and end-systolic images were prospectively acquired with a temporal resolution of 15 ms by gating on electrocardiographic P-and S=-waves, respectively (see Online Figs. 1A and 1B for animal setup and gating reference). Continual imaging of the cardiac cycle (at 10-to 15-ms intervals) was also conducted for a representative animal at each time point (Online Fig. 2 shows continuous imaging of a control animal). Post-acquisition analysis was performed using GE image analysis software (Online Figs. 1C to 1F ). All operators obtaining and analyzing the CT scans were able to obtain measurements with minimal variability (Ϯ0.5% to 4.0%, data not shown). Echocardiography was performed by obtaining 3 independent 2-dimensional transversal-targeted M-mode traces at the level of the papillary muscles using a 14.7-MHz transducer on a Sequoia C512 echocardiography system (Siemens, Malvern, Pennsylvania). Using the Siemens proprietary software, left ventricular end-diastolic and end-systolic posterior and anterior dimensions were measured and processed to calculate left ventricular fractional shortening. Invasive, steady-state hemodynamic measurements were conducted by closed-chest pressure-volume loop analysis using a 1.4-F conductance catheter (Millar Instruments, Houston, Texas) at week 12. These data were analyzed using PVAN 3.4 software (Millar Instruments) and Chart/Scope software (AD Instruments, Colorado Springs, Colorado).
Mean left ventricular diastolic and systolic volumes were not significantly different between the sham and MI groups at baseline (37.2 Ϯ 2.0 l vs. 39.7 Ϯ 1.8 l in diastole and 11.2 Ϯ 0.6 l vs.
11.4 Ϯ 0.8 l in systole, respectively, p ϭ NS). However, these volumes gradually increased in the MI group, finally reaching a mean diastolic value of 133.2 Ϯ 21.2 l, compared with 55.4 Ϯ 1.0 l in the sham-operated group at 12 weeks post-operation (p ϭ 0.002) (Figs. 1A to 1C) . Similarly, left systolic volumes increased to 100.1 Ϯ 19.6 l as compared with 19.9 Ϯ 1.2 l in the sham group (p ϭ 0.002) (Fig. 1D) . This MI-induced increase in volumes mirrored functional failure, with deteriorating left ventricular ejection fraction from an initial 70.6 Ϯ 2.5% to 26.2 Ϯ 2.8% after 12 weeks. By contrast, left ventricular ejection fraction in the sham group remained around baseline (68.6 Ϯ 2.6%, p Ͻ 0.0005) (Fig. 1E) .
As shown in Figure 2 , volumes measured by micro-CT correlated well with dimensions acquired from echocardiography in both diastole (r 2 ϭ 0.73) and systole (r 2 ϭ 0.82). Similarly, volumes derived from the CC-based approach showed a correlative trend with those from the micro-CT (r 2 ϭ 0.83 in systole and r 2 ϭ 0.81 in diastole). When volumes and dimensions were processed to calculate functional measurements of ventricular contraction, micro-CT proved to correlate well with echocardiography (r 2 ϭ 0.72) (Fig. 2D ). These observations suggest that micro-CT imaging can provide reliable volumetric assessment of cardiac chambers and ventricular function. For detailed echocardiography, CC, histological results, and representative images, please refer to Online Figures 3 to 5 .
Over the past decade, cardiac CT has become an important clinical imaging modality for the characterization of cardiac structure and function, as well as coronary artery pathology (3, 4) . However, cardiac CT imaging has long been inapplicable to pre-clinical small-animal models due to the high spatial and temporal resolution required to visualize mouse hearts with rates of over 400 beats/min. Recent advances in technology have allowed adaptation of CT imaging to the Figure 1 .
small-animal laboratory, adding a valuable asset to the pre-clinical research tool chest. As shown in the present study, micro-CT can provide accurate and precise measurements of the murine heart, and can serve as a useful adjunct to established measurements of cardiac function. Further refinements of this emerging technology are ongoing, and we predict that micro-CT scanning will continue to be used in the small-animal laboratory with increasing frequency. 
